Abstract There is controversy regarding the superiority of carvedilol (C) over metoprolol (M) in congestive heart failure. We hypothesized that C is superior to M in chronic ischemic cardiomyopathy because of its better antiinflammatory and pro-angiogenic effects. In order to test our hypothesis we used a chronic canine model of multivessel ischemic cardiomyopathy where myocardial microcatheters were placed from which interstitial fluid was collected over time to measure leukocyte count and cytokine levels. After development of left ventricular dysfunction, the animals were randomized into four groups: sham (n = 7), placebo (n = 8), M (n = 11), and C (n = 10), and followed for 3 months after treatment initiation. Tissue was examined for immunohistochemistry, oxidative stress, and capillary density. At 3 months both rest and stress wall thickening were better in C compared to the other groups. At the end of 3 months of treatment endsystolic wall stress also decreased the most in C. Similarly resting myocardial blood flow (MBF) improved the most in C as did the stress endocardial/epicardial MBF. Myocardial interstitial fluid showed greater attenuation of leukocytosis with C compared to M, which was associated with less fibrosis and oxidative stress. C also had higher IL-10 level and capillary density. In conclusion, in a chronic canine model of multivessel ischemic cardiomyopathy we found 3 months of C treatment resulted in better resting global and regional function as well as better regional function at stress compared to M. These changes were associated with higher myocardial levels of the anti-inflammatory cytokine
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Introduction
Based on the results of large clinical trials b-adrenergic receptor blockers (BB) have become the mainstay of therapy in congestive heart failure (CHF) [27, 33, 36] . Whereas previously they were thought to exert their beneficial effects solely through anti-adrenergic or anti-ischemic [13, 20] mechanisms, it has now become increasingly clear that they also have important anti-inflammatory properties, which can offer independent salutary effects in CHF [24] . Even though it has been reported that carvedilol (a non-selective BB with vasodilatory and antioxidant effects) is superior to metoprolol (a selective b1 blocker) in patients with CHF [36, 40] this finding remains controversial [7, 25] .
Almost all clinical trials evaluating BB have included patients with both ischemic and non-ischemic cardiomyopathy. Furthermore, a sizeable proportion of patients with ischemic cardiomyopathy have had prior myocardial infarction (MI). Previous animal studies of BB in ischemia have mostly utilized infarct models where the myocardial effects of BB have been studied at one point in time at autopsy [21, 30, 31, 37] . Thus, the time course of BB effects in CHF has not been studied in animals. Furthermore, a large number of patients with ischemic cardiomyopathy do not have a prior MI. These patients either have repetitive stunning (severe coronary stenosis with reduced coronary flow reserve leading to repeated episodes of myocardial ischemia during stress) or hibernation [reduced resting myocardial blood flow (MBF) from severe coronary narrowing] [5, 6, 8, 14, 15] . There has been no investigation on the regional myocardial effects of BB in an animal model that mimics one or both of these two latter situations.
In the present study, we hypothesized that BB have a beneficial role in a canine model of chronic ischemic cardiomyopathy through their anti-inflammatory and proangiogenic effects and carvedilol may be superior to metoprolol in this regard. In order to test our hypothesis we gave BB therapy to dogs with chronic ischemic cardiomyopathy produced by placing ameroid constrictors on the proximal portions of the left anterior descending (LAD) and left circumflex (LCx) coronary arteries and their major branches [the right coronary artery does not supply the left ventricular (LV) myocardium in the dog]. Over time the constrictors occlude the coronary arteries producing chronically ischemic myocardial segments with either stunning or hibernation, but no necrosis. We have described the features of this model previously [2, 3, 11, 34] , and have tested it for various therapies aimed at reducing chronic myocardial ischemia and CHF [18, 19] .
For this study, animals were chronically instrumented to measure left atrial and aortic pressures and radiolabeled microsphere-derived MBF. Regional LV systolic function was measured at regular intervals using 2-dimensional echocardiography (2DE). In addition, microcatheters were placed within the myocardium from which interstitial fluid could be collected periodically over time to measure leukocyte count and cytokine levels that reflect myocardial inflammation.
Methods

Animal preparation
The study was approved by the Animal Research Committee and conformed to the American Heart Association Guidelines for the Use of Animals in Research. Forty-three adult mongrel dogs (weight = 30-35 kg) were used. Of these, seven underwent sham surgery (dissection of coronary arteries and insertion of microcatheters only) and the remaining 36 animals were instrumented to create chronic ischemic cardiomyopathy. They were given 75 mg of aspirin daily for 3 days prior to surgery and Gentamicin (80 mg) and Cefazolin (1 g) immediately prior to surgery, and Cefazolin alone daily through post-operative day 3.
Surgery was performed under sterile conditions. Anesthesia was induced with 20 lg kg -1 of fentanyl (Abbott Laboratories, Chicago, IL), 400 lg kg -1 of etomidate (Bedford Laboratories, Bedford, Ohio), and 300 lg kg -1 of diazepam (Elkins-Sinn Inc., Cherry Hill, NJ) administered intravenously. The animals were intubated and anesthesia was maintained with a mixture of 1-1.5 % isoflurane, O 2 , and air given through a respirator (Model 607, Harvard Apparatus, South Natick, MA). Minute volume was set between 5.5 and 6.5 L min -1 to maintain a physiologic PCO 2 . Heart rate and electrocardiogram were monitored throughout the operation.
A small incision was made in the right groin and a 6F indwelling catheter (Cook Instruments, Bloomington, IN) was inserted into the femoral artery and secured in place with silk ties. The catheter was flushed with a dilute solution of heparin (Sololak Laboratories, Elk Grove Village, IL) and capped off with a rubber injection port. It was then tunneled beneath the skin in the groin to allow subsequent transcutaneous access for arterial pressure monitoring, as well as withdrawal of samples for blood gas and radiolabeled microsphere-derived MBF analyses. The groin incision was then closed in layers.
A left lateral thoracotomy was performed in the fourth intercostal space and the heart was suspended in a pericardial cradle. The proximal portions of the LAD and LCx were dissected free from surrounding tissues, and any large proximal branches of these arteries were similarly dissected. Three or more appropriately sized (1-3.5 mm) ameroid constrictors (Medical Research & Manufacturing, Corvallis, OR) were placed around these arteries. LV function was assessed by epicardial 2DE after placement of each ameroid constrictor to ensure that no deterioration in regional systolic function occurred.
Four microcatheters (two in the LAD and 2 in the LCx regions) were inserted in the myocardium at the low-papillary muscle level using a 14-gauge catheter. They were threaded through approximately 3 cm of myocardium before retrieving them again on the epicardial surface of the heart. In this manner, a portion of the catheter containing multiports (see below) was embedded in the myocardium with the two ends extruding out. Epicardial 2DE was performed to confirm that the entire lengths of the catheters were within the myocardium without entering the LV cavity. Both free ends of the microcatheters were then tunneled beneath the dorsal skin to allow subsequent access for myocardial interstitial fluid collection.
A 6F indwelling catheter was inserted in the left atrium and secured in placed with prolene sutures. After flushing with a dilute heparin solution, its end was capped off with a rubber injection port and buried beneath the abdominal skin to allow subsequent transcutaneous injections of radiolabeled microspheres. The chest was closed in layers, and the animal was revived and transferred to a heated and oxygenated observation area. Pain medications were administered as needed. The animals were examined at least twice a day for the follow-up period of 6 months and treated for heart failure (as evidenced by tachypnea, poor appetite, and reluctance to engage with handlers) or infection, if required.
Microcatheter preparation
Microcatheters were constructed by creating 40 multiports in a 1 cm segment of a 120 cm Micro-Renathane catheter (0.04 mm inner diameter; 0.8 mm outer diameter; Braintree Scientific Inc, Braintree, MA), using a 25-gauge needle. A 0.5 cm 9 0.5 cm gauze piece was then sutured to the catheter using 4-0 prolene and was secured in place using medical adhesive silicone type A (Dow Corning Corp, Midland, MI). The gauze was used to anchor the catheter to the epicardium at the time of insertion into the myocardium. The microcatheters were gas sterilized.
Myocardial interstitial fluid collection Lactated Ringer's solution was infused from one end of the microcatheter at 10 lL min -1 using a constant rate pump (Model 944, Harvard Apparatus) and the fluid from the other end was collected in Eppendorf tubes on ice. Interstitial fluid was collected in two aliquots of 100 lL each (equal to the dead space of the catheter) and discarded. Then 1 mL of fluid was collected for leukocyte count followed by five aliquots of 100 lL each for cytokine level measurement. Fluid for measuring the leukocyte count was transported on ice to the clinical hematology laboratory and the five aliquots for cytokine level measurement were stored at -80°C.
Myocardial interstitial fluid analysis
Interstitial fluid leukocyte count was measured using an automated analyzer (Sysmex XE-2100, Kobe, Japan) and then confirmed using a hemocytometer. The Bio-Plex suspension array system was used to quantify cytokine levels from myocardial interstitial fluid and plasma collected from venous blood. Levels (in qg mL -1 ) of TNF-a, IL-6, IL-1b, and IL-10 were measured (Bio-Rad Laboratories, Inc, Hercules, CA). The samples were incubated with antibody-coupled beads, washed, incubated with biotinylated detection antibody, washed again, and then incubated with streptavidin-phycoerythrin and read on a microplate-based bioassay system. The inter-assay variation was \30 % and intra-assay variation was \20 %. In order to maximize the accuracy, all samples were measured in duplicate at the same time.
Myocardial blood flow measurements
Because the duration of the protocol was 5-6 months we used radiolabeled microspheres with long half-lives and adequate separation of the energy windows to measure regional MBF. In each dog four of the following five [with their energy windows (keV), and half-lives (days)] microspheres were used: 141 46 Sc, 842-1,300, 84. The microspheres with longer half-lives were injected earlier in the protocol to allow enough counts in the sample on post-mortem analysis. Approximately 2 9 10 6 11 lm radiolabeled microspheres (Dupont Medical Products, Wilmington, DE) were suspended in 4 mL of normal saline-0.01 % tween 80 solution and injected into the left atrium over 20 s. This dose of radiolabeled microspheres allows at least 1,000 microspheres to be counted in each gram of normal tissue and at least 300 microspheres in each gram of ischemic tissue. Reference samples were withdrawn from the femoral artery over 130 s with a constant rate withdrawal pump (Harvard Apparatus, Model 944). The post-mortem heart slices (see later), corresponding to the mid-papillary muscle 2DE short-axis image, were cut into 16 wedge-shaped pieces. Each piece was further divided into epicardial, mid-myocardial, and endocardial portions.
The tissue and arterial reference samples were counted in a gamma well counter with a multichannel analyzer (Model 1282, LKB Wallac, Washington DC). Corrections were made for activity spill-over from one window to the next using a set of simultaneous equations. MBF to each sample was calculated by the equation Q m = (C m 9 Q r )/C r where Q m flow (mL min -1 ), C m tissue counts, Q r rate of arterial blood withdrawal (mL min -1 ), and C r counts in the reference sample [16] . Transmural MBF (mL min -1 g -1 ) to each segment was derived by dividing the sum of MBF to individual segments by their combined weight. Transmural MBF for the LCx and LAD beds was calculated by averaging the transmural MBF in the segments within the central 75 % of each bed. Average endocardial and epicardial MBF were similarly calculated and the endocardial/ epicardial MBF ratio was derived.
Hemodynamic data
For arterial pressure measurements, tubing primed with heparinized normal saline was connected at one end to a pressure transducer (model 1295A, Hewlett Packard, Palo Alto, CA) and at the other end to the arterial catheter. This transducer and the electrocardiographic port were connected to a multi-channel recorder (model 4568C, HewlettPackard), which in turn was connected to a computer. The signals were displayed online using Labtech Notebook (Laboratory Technologies Corp., Wilmington, MA) and were digitally acquired for later analysis. Two-dimensional echocardiography 2DE was performed with a phased-array system (Sonos 7500, Philips Ultrasound, Andover, MA) using a 2.3 MHz probe. Apart from the intraoperative 2DE described above, all data were acquired with the dog lying on its left side and imaging performed from the right thorax. Although the examination was performed using multiple views, only three short-axis views were recorded on each examination. Care was taken to acquire the same views every time in an individual dog.
For each animal, the short-axis view displaying the maximal degree of global LV dysfunction at any time during follow-up was identified. All wall thickening (WT) measurements were then made at this single level (usually the mid-papillary muscle). An entire systolic contraction sequence (from end-diastole to end-systole) was selected from each examination and the images were transferred to a custom-designed offline image analysis system.
Our method for measuring regional %WT has been described previously [42] . In brief, 8-12 epicardial and endocardial targets were defined by the observer in each frame from end-diastole to end-systole. These points were then automatically connected using cubic-spline interpolation to derive the epicardial and endocardial contours. In order to correct for cardiac systolic rotation, the junction of the posterior LV free wall and the right ventricular free wall was defined over the epicardium in each frame. The computer generated 100 equidistant chords between the two contours starting at this point with each chord representing the shortest distance between the epicardial and endocardial contours. The observer then identified the regions of the myocardium in which the chord lengths were averaged in each frame. Plots of %WT over the entire systolic contraction sequence in the central 75 % of these regions were then generated, with time represented in deciles.
End-systolic wall stress was calculated using the modified formula: Wall stress (g cm -2 ) = [(1.35)(mean arterial pressure) 9 (LV diameter at end-systole)]/[(4) 9 (wall thickness at end-systole) 9 (1 ? wall thickness at endsystole/LV diameter at end-systole)] [39] .
Gross and microscopic histology and immunohistochemistry
The heart slice corresponding to the 2DE image was immersed in a solution of 1.3 % 2,3,5 triphenyl tetrazolium chloride (TTC) (Sigma Corp., St Louis, MO) and 0.2 M Sörensen's buffer (KH 2 PO 4 and K 2 HPO 4 in distilled water, pH 7.4) at 37°C for 20 min. Using this method, areas of viable myocardium stain brick red whereas infarcted areas do not take up the stain due to lack of enzymatic activity [12] . All analysis was performed by observers blinded to the source of tissue.
Myocardial tissue was fixed in formalin and paraffinembedded for histologic analysis. Fibrosis was identified by staining deparaffinized tissue sections (5 lm thick) for connective tissue using Masson's trichrome. ImageJ v146r (open source software, http://rsb.info.nih.gov/ij) was used to quantify the amount of fibrosis at 109 magnification and was expressed as area of fibrosis/total area of tissue 9 100.
Endothelial cells of capillaries were identified using immunohistochemical staining with the antibody to von Willebrand factor. Deparaffinized tissue sections (5 lm thick) were pretreated with proteinase K, 20 lg (20 min) and 3 % H 2 O 2 in PBS (15 min). All rinses were with trisbuffered saline (TBS), pH 7.6 with 0.05 % Tween-20. Sections were incubated with 3 % normal goat serum in phosphate-buffered saline (blocking serum) for 20 min at room temperature, followed by an avidin/biotin blocking step. Sections were incubated with the primary antibody (Dako polyclonal rabbit anti-human von Willebrand factor, code A0082) diluted 1:1,600 in the blocking serum, overnight at 4°C. The secondary antibody, biotinylated goat anti-rabbit (diluted 1:200 in blocking serum, Vector), was applied to the tissue for 60 min at room temperature, and sections were incubated with avidin-biotin-peroxidase complex (Vectastain Elite kit, Vector) for 30 min. The color reaction was visualized with diaminobenzidine (DAB). The number of capillaries was manually counted in two representative fields at 409 magnification and averaged. Capillary density was expressed as the number of capillaries per high power field. In sections with fibrosis, a representative area immediately adjacent to the fibrotic tissue was selected for analysis.
Apoptotic myocytes were stained using the ApopTag Ò Peroxidase In Situ Apoptosis Detection Kit (EMD Millipore Corporation, Billerica, Massachusetts, USA). Deparaffinized tissue sections (5 lm thick) were stained according to kit instructions. The number of apoptotic myocytes was manually counted in 3 representative fields at 409 magnification and averaged. The density of apoptotic myocytes was expressed as the number of apoptotic myocytes per high power field.
Oxidative stress analysis
Frozen myocardial tissue was homogenized and supernatant was collected. Using a commercial kit (Biovision, Inc, Milpitas, CA), malondialdehyde (MDA), a product of lipid peroxidation, was quantified using a colorimetric assay and expressed as nM mg of protein -1 [29] . Total isoprostanes III and VI (IsoP III, IsoP VI), products of arachidonic acid peroxidation, were also measured using liquid chromatography-tandem mass spectrometry. Isoprostanes were resolved on a Phenomenex Hyperclone BDS C18 130 Å 150 9 2 mm, 3 lm column kept at 40°C using a Shimadzu CTO-20AC column oven. The highperformance liquid chromatography (HPLC) system consisted of a Shimadzu SIL-20AC XR auto-sampler, 2 LC-20AD XR LC pumps. The gradient mobile phase was delivered at a flow rate of 0.4 mL min -1 , and consisted of two solvents, A: 0.005 % acetic acid in water and B: 0.005 % acetic acid in 95:5 methanol:acetonitrile (vol:vol). Initial concentration of solvent B was 30 %, this was held for 30 s, ramped to 45 % over 30 s, followed by a ramp to 75 % B over the next 11 min. B was then ramped to 95 % over 30 s, held at 95 % B for 3.5 min, dropped back to 30 % over 30 s and then re-equilibrated at 30 % B for 5.5 min before the next injection. The HPLC was interfaced to an Applied Biosystems/SCIEX Q-TRAP 5500 mass spectrometer with electrospray interface operated in the negative mode with the following settings: source voltage -4,000 kV, GS1 40, GS2 40, CUR 40, TEM 450 and CAD gas HIGH.
Individual compounds were monitored with multiple reactions monitoring (MRM). Optimal instrument MRM parameters were obtained for the available standards using direct infusion. Data were acquired and analyzed using Analyst 1.5.1 and Multiquant 2.1.1 software, respectively. The standard curves were from 0 to 2,000 pg per sample and the limit of quantification was 50 pg.
Oxidative stress was also assessed by measuring 3-nitrotyrosine using the OxiSelect TM Nitrotyrosine ELISA Kit (Cell Biolabs, Inc, San Diego, CA, USA).
Study protocol
All except the sham dogs were assigned randomly to one of three groups at the time of initial surgery: (a) placebo, (b) metoprolol treatment, or (c) carvedilol treatment. All animals underwent weekly 2DE to evaluate for development of LV systolic dysfunction. Severe LV dysfunction occurred 5.8 ± 0.8 weeks after operation. At this time a 3 month treatment protocol was initiated: non-sham animals were treated orally with either placebo, metoprolol (12.5 mg BID for month 1, 25 mg BID for month 2, and 50 mg BID for month 3), or carvedilol (3.125 mg orally BID for month 1, 6.25 mg BID for month 2, and 12.5 mg BID for month 3). These doses were selected to be comparable to an average human that is twice the weight of the dogs used.
At baseline and the end of each month of treatment, hemodynamic data were collected, 2DE was performed, and intra-myocardial fluid and venous blood were collected with the dogs anesthetized and intubated. Anesthesia was induced with intravenous fentanyl (20 mg kg -1 ), etomidate (400 mg kg -1 ), and diazepam (300 mg kg -1 ); and it was maintained with etomidate (1 mg min -1 ). During the same examination stress was induced by administering dobutamine (20-30 lg kg min -1 ) intravenously at baseline and at month 3. If target heart rate of 160-170 bpm was not achieved, intravenous atropine (0.5 mg) was also administered. At the conclusion of 3 months of therapy the animal was euthanized and the heart was removed for radiolabeled microsphere-derived blood flow analysis, histopathology, immunohistochemistry and oxidative stress analyses.
Statistical methods
Inter-stage comparisons were made using repeated measures ANOVA. When significance was found by ANOVA, individual comparisons between two stages were performed using student's t test, with Bonferroni correction.
Differences between stages were considered significant at p \ 0.05 (two-sided).
Results
Other than the seven sham dogs, 12 each were randomly assigned to the three treatment groups out of which three died before and two after start of treatment in the placebo group, one before start of treatment in the metoprolol group and two before start of treatment in the carvedilol group. No dog died after start of treatment in the two latter groups. Consequently the results reported here pertain to the 7 sham dogs and 8, 11, and 10 dogs in the placebo, metoprolol, and carvedilol groups, respectively. As stated above, all measurements were made with the closed chest animals anesthetized and intubated.
Hemodynamics
Resting heart rate was not different between any of the groups between pre-surgery, baseline (development of severe LV dysfunction), and 1-3 months after treatment. Table 1 lists data at baseline and 3 months later. The mean aortic pressure at rest (measured in mm Hg via indwelling catheter) was also not different at baseline between the groups. However, it was higher at the end of 3 months in the placebo compared to other groups. It was also higher in the placebo group compared to baseline. The rest double product, a measure of myocardial O 2 consumption, was not different among the groups at baseline, but was lower in the sham and metoprolol groups at 3 months.
During stress, the heart rate increased equally among all groups at both baseline and 3 months. The mean aortic pressure also increase in all groups during stress but at 3 months this increase was higher in the placebo compared to the other groups. Similarly, the double product increased during stress in all groups without a significant difference between the groups at both baseline and 3 months.
Global and regional function
Both end-diastolic and end-systolic dimensions increased more between baseline and 3 months in the placebo compared to the treatment groups although this did not reach statistical significance (Fig. 1a) . In comparison, while endsystolic wall stress increased in the placebo and metoprolol groups, it decreased significantly in the carvedilol group.
As expected, %WT at rest did not change in the sham group after surgery, but decreased markedly and equally in all the three treatment groups (Table 2 ). In the placebo and metoprolol groups %WT remained depressed for the entire 3 months of treatment while for the carvedilol group it improved every month compared to the placebo group. Only the carvedilol group showed a significant increase in resting %WT between baseline and 3 months and by 3 months resting %WT was higher than in the metoprolol group. Stress was performed at baseline and 3 months where %WT increased in all groups but was significantly lower in the treatment groups compared to the sham group (p \ 0.001, Fig. 1b) . At 3 months the stress %WT remained unchanged in all groups compared to baseline except the carvedilol group where it was significantly higher (40 ± 7 vs. 34 ± 7 %, p = 0.004) and where, unlike the other groups, it reached the level of the sham group (43 ± 1 %).
Regional MBF
Resting MBF was measured at baseline (prior to starting any treatment) and at 3 months after completion of treatment (Table 3) . At baseline, whereas transmural MBF did not decrease appreciably in any group, the endocardial MBF and the endocardial/epicardial MBF ratio were the lowest in the carvedilol group being significantly lower than the sham and metoprolol groups. At 3 months the endocardial MBF in the carvedilol group had improved significantly compared to baseline and had reached the same level as in the other groups. Similar results were seen for the endocardial/epicardial MBF ratio. Therefore, similar to %WT, the carvedilol group showed the most improvement in resting MBF by 3 months, albeit starting from a lower value at baseline.
At baseline MBF increased in all groups during stress showing the presence of MBF reserve ( Table 4) . The results were similar at 3 months in all groups except the sham group that showed further enhancement in flow reserve compared to the other three groups. The endocardial/epicardial MBF ratio improved marginally (p = 0.10) at 3 months in the carvedilol group whereas it remained unchanged in the other three groups.
Interstitial leukocyte count and plasma cytokine levels Table 5 depicts the interstitial fluid leukocyte count. At baseline there was severe leukocytosis in the all groups except the sham group. The leukocyte count in the carvedilol group was significantly lower than the metoprolol group at 1 month after starting treatment. However, by 2 and 3 months, although still significantly lower than placebo, the leukocyte count in both BB treatment groups was similar to each other.
Myocardial interstitial fluid levels of TNF-a and IL-6 increased at 1 month in the placebo compared to the other groups, but declined to the same level as the other groups by 3 months (data not shown). In comparison, the levels of the pro-inflammatory IL-1b were lower at 3 months in the Table 2 Resting %WT at baseline and 1, 2, and 3 months later (Fig. 2a) . Conversely, the levels of the anti-inflammatory IL-10 declined by approximately half by 3 months in the placebo group, remained virtually unchanged in the metoprolol group, and increased 1.5-fold in the carvedilol group (Fig. 2b) . None of the cytokines increased in the plasma at any stage and there was no correlation between plasma and myocardial interstitial fluid cytokine levels.
Histopathology
TTC staining showed no infarction in any of the animals in any group. The number of apoptotic cells per HPF was similar in each group (5 ± 2, 7 ± 3, 6 ± 3 for placebo, metoprolol, and carvedilol, respectively) except for sham animals where there was no apoptosis. There was less fibrosis seen in the treatment groups compared to placebo with the carvedilol group showing significant reduction in fibrosis compared to the placebo group (Fig. 3a) . Panel a in Fig. 4 illustrates an example of Masson's trichrome staining of tissue from each of the four groups with less generalized fibrosis in the carvedilol group. Fig. 4 shows examples of capillaries in tissue from each group stained by von Willebrand factor. There is capillary rarefaction in the placebo and metoprolol groups and the capillary density appears to be higher in the carvedilol group compared to these two groups. Figure 3b illustrates the capillary density in quantitative terms from all animals combined and the carvedilol group demonstrates a greater capillary density than the metoprolol and placebo groups.
Panel b in
Oxidative stress Table 6 illustrates the results of the oxidative stress analyses. The carvedilol group shows lower MDA levels compared to the placebo and metoprolol groups. The isoprostane levels, however, were similar between the three groups. In comparison, 3-nitrotyrosine was not detected in any of the samples, which may have been due to low sensitivity of the kit.
Discussion
Our investigation demonstrates three new major findings in a chronic canine model of multivessel ischemic cardiomyopathy. First, compared to metoprolol, carvedilol treatment was associated with better resting global and regional LV function and better regional LV function during stress. Second, carvedilol was associated with greater improvements in resting endocardial MBF, albeit from the lowest level at baseline, which was associated with a higher capillary density. Third, carvedilol treated animals had least inflammation as evidenced by least myocardial leukocytosis and fibrosis and highest myocardial levels of the anti-inflammatory cytokine IL-10. Taken together these results suggest that carvedilol has antiinflammatory and pro-angiogenic properties that improve regional perfusion and function in chronic myocardial ischemia.
Most large clinical trials of BB in CHF have included patients with idiopathic dilated as well as ischemic cardiomyopathy. Furthermore, a significant proportion of patients with ischemic cardiomyopathy have a prior MI. Other ischemic cardiomyopathy patients may have some myocardial segments that exhibit hibernation and/or some that may exhibit repetitive stunning [5, 6, 8, 14, 15] . Hence, the mechanism of reduced resting function is frequently heterogeneous not only between patients but also in the same patient, which may, in part, explain the conflicting results as well as controversy regarding the superiority of carvedilol over metoprolol in CHF.
In this study, we investigated the effects of BB in a canine model of chronic ischemic cardiomyopathy not associated with MI that is akin to the clinical situation in many patients. This model causes a global cardiomyopathy via chronic multivessel stenosis that is commonly seen in the clinical setting, which is in contrast to the more common canine model of rapid pacing induced cardiomyopathy mimicking the rarer clinical tachycardia-induced cardiomyopathy. In this model of regional (and as a consequence global) LV dysfunction we found carvedilol to be superior to metoprolol independent of beta blockade (no differences between treatment groups in stress-induced double product although these were measured under anesthesia). The primary basis for the putative superiority of carvedilol may lie with its anti-inflammatory and pro-angiogenic effects.
A unique strength of our study was the direct in vivo measurements of the components of myocardial interstitial space over time rather than relying on a single post-mortem analysis. In this manner, we noted that the attenuation of myocardial leukocytosis was more pronounced with carvedilol compared to metoprolol. The same can be stated for measuring the pro-and anti-inflammatory cytokines. Peripheral blood levels of these molecules were not related in any way to their myocardial levels, further emphasizing the importance of measurements made directly from the myocardium to assess drug effect. We found that the pro-inflammatory cytokine IL-1b decreased significantly with both BB's. This cytokine has been implicated in heart failure by stimulation of hypertrophy and apoptosis as well as by decreasing collagen synthesis and increasing matrix metalloproteinase activity [1, 41] . It also inhibits phospholamban gene expression and intracellular calcium transients, among other detrimental effects [26] . Reduction of IL-1b in conjunction with attenuation of leukocytosis, confirms the previously described anti-inflammatory properties of BB's [23] .
In animals receiving carvedilol the anti-inflammatory cytokine IL-10 increased whereas in animals receiving metoprolol it did not change. To our knowledge this is the first study to describe these findings in a model of chronic ischemic cardiomyopathy not caused by MI. IL-10 is the most potent anti-inflammatory cytokine known, and inhibits monocyte/macrophage-derived inflammatory cytokines such as TNF-a, IL-1, IL-6, IL-8, IL-12, granulocyte colony stimulating factor, MIP-1a, and MIP-2a [17] . It also inhibits CD14 and nuclear transfer factor and degrades mRNA for pro-inflammatory cytokines [4] . In addition, IL-10 suppresses cell surface expression of TNF receptors and promotes their shedding into the systemic circulation [10] . In addition to reduced leukocytosis we also found reduced fibrosis caused by carvedilol, which may be related to the increased levels of IL-10, although both BB demonstrated reduced fibrosis.
In addition to cytokines, we examined the effect of the drugs on lipid peroxidation. MDA, a marker of oxidative stress, level was highest in the placebo group which was consistent with elevated MDA levels in patients with CHF [35, 38] and myocardial ischemia [32] . Oxidative stress was attenuated with carvedilol treatment, a finding also observed in patients with CHF [9] . Furthermore, in a study of smooth muscle cells exposed to elevated pressure, carvedilol but not propranolol, resulted in a reduction of oxidative stress [43] .
Study limitations
All our measurements were performed with the animals anesthetized. Our hemodynamic data, therefore, were not acquired under physiological conditions. However, the method of anesthesia was similar in all animals. Despite randomization the carvedilol group had the lowest resting MBF. It is possible that more myocardial ischemia in this group resulted in greater collateral development and a consequent increase in resting MBF. However, these animals also showed the greatest attenuation of inflammation and the greatest increase in stress-induced %WT. Therefore, drug effect is more likely than collateral growth to explain the results.
We used a fixed dose of the drugs and although the degree of beta blockade seemed equivalent in the carvedilol and metoprolol groups as assessed by heart rate and double product, it is always difficult to find equivalency between groups with fixed drug doses. However, we used comparable it not more stringent doses between the two BB's than used in previous clinical trials. At each month of treatment, the metoprolol to carvedilol dose ratio was 4:1, which was similar to a previous clinical trial [22] and more rigorous than that used in the COMET Trial [36] where the ratio was 2:1, and yet we found better myocardial regional function and perfusion in the carvedilol compared to the metoprolol group. Nonetheless, our study was not designed as a pharmacological study to determine the optimal dose of the two drugs or to understand their pharmacokinetics. Our results, therefore, are solely pertinent to the doses of the two BB's used in this study.
The limited number of animals in each group precluded the assessment of the dose-response in terms of the variables we measured. In addition, we used short acting (tartrate) instead of the long acting (succinate) formulation of metoprolol. It would be interesting to know whether the results would be similar with the long acting preparation. Our results reflect follow-up studies after 3 months of treatment. It is possible that had we extended the follow-up period to 6 or 12 months, the effects of carvedilol and metoprolol would have become equivalent or the magnitude of change in the carvedilol group would have been even greater than metoprolol.
Finally, despite beta blockade, there was increase in heart rate and double product in both BB groups for which there could be several reasons. First is the use of anesthesia. Second, maximal beta blockade was probably not achieved, which anyway is not the purpose in treating heart failure. Third, both metoprolol and carvedilol are reversible beta-adrenoceptor antagonists, and dobutamine used could have displaced the antagonists. Fourth, it has been shown in a human cardiac tissue that carvedilol blocks b2-more than b1-adrenoceptors [28] , thus leaving the b1-adrenoceptors available for activation by dobutamine.
Conclusions
In a canine model of chronic ischemic LV dysfunction we found carvedilol to be superior to metoprolol in improving resting perfusion and resting and stress-induced function. This improvement was related to the superior anti-inflammatory and pro-angiogenic properties of carvedilol. Our results are pertinent to only the doses of the drugs used in this study. Further studies are required to determine whether similar results can be obtained in other forms of ischemic cardiomyopathy, including those caused by or associated with MI. Further studies could also establish comparison between carvedilol and metoprolol at different doses than used in this study. Finally, whether the advantages of carvedilol described herein will offer a mortality benefit over metoprolol in patients with CHF may depend on its underlying mechanism, a focus that needs further research.
